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Fuel  cells  aboard  hybrid  electric  vehicles  (HEVs)  are  often  hybridized  with  an  energy  storage  system  (ESS). 
Batteries  and  ultracapacitors  are  the  most  common  technologies  used  in  ESSs  aboard  HEVs.  High-speed 
flywheels  are  an  emerging  technology  with  traits  that  have  the  potential  to  make  them  competitive  with 
more  established  battery  and  ultracapacitor  technologies  in  certain  vehicular  applications.  This  study 
compares  high-speed  flywheels,  ultracapacitors,  and  batteries  functioning  as  the  ESS  in  a  fuel  cell  based 
HEV  on  the  bases  of  cost  and  fuel  economy.  In  this  study,  computer  models  were  built  to  simulate  the 
powertrain  of  a  fuel  cell  based  HEV  where  high-speed  flywheels,  batteries,  and  ultracapacitors  of  a  range 
of  sizes  were  used  as  the  ESS.  A  simulated  vehicle  with  a  powertrain  using  each  of  these  technologies 
was  run  over  two  different  drive  cycles  in  order  to  see  how  the  different  ESSs  performed  under  different 
driving  patterns.  The  results  showed  that  when  cost  and  fuel  economy  were  both  considered,  high-speed 
flywheels  were  competitive  with  batteries  and  ultracapacitors. 
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1.  Introduction 

High-speed  flywheels  are  an  emerging  technology  with  charac¬ 
teristics  that  have  the  potential  to  make  them  viable  energy  storage 
systems  (ESSs)  aboard  vehicles.  This  paper  investigates  the  com¬ 
petitiveness  of  high-speed  flywheels  on  the  bases  of  cost  and  fuel 
economy  when  compared  to  the  more  well  established  energy  stor¬ 
age  technologies  of  batteries  and  ultracapacitors  in  a  fuel  cell  based 
series  hybrid  electric  vehicle  (HEV). 

Amidst  growing  concerns  over  energy  security,  climate  change, 
air  pollution,  and  fossil  fuel  reserves,  alternatives  to  conventional 
automobile  powertrains  based  on  internal  combustion  engines 
(ICEs)  are  being  investigated  [1,2].  Powertrains  based  on  fuel  cells 
are  one  such  alternative  that  have  the  potential  to  overcome  many 
of  the  problems  endemic  to  ICEs  [3,4].  Fuel  cells  typically  have 
a  higher  “tank  to  wheel”  efficiency  than  ICEs,  and  depending  on 
how  the  hydrogen  fuel  is  generated  they  have  the  potential  to  emit 
significantly  fewer  pollutants  [5]. 

Hybridizing  a  fuel  cell  with  an  ESS  can  have  several  positive 
impacts  [6].  The  ESS  can  be  designed  to  meet  the  transient  power 
demands  that  characterize  normal  driving  conditions.  With  the  ESS 
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handling  the  transient  loads,  the  fuel  cell  only  has  to  provide  the 
average  power  [2].  This  enables  the  fuel  cell  to  be  downsized  which 
reduces  costs  and  typically  improves  efficiency  [7].  The  ESS  pro¬ 
vides  the  additional  benefit  of  being  able  to  store  energy  captured 
through  regenerative  braking  [2]. 

Most  of  the  work  done  in  designing  and  optimizing  series  HEVs 
has  only  considered  batteries  and/or  ultracapacitors  as  the  ESS 
[2,8-11].  While  previous  research  has  produced  a  great  deal  of 
information  about  optimal  ESS  technologies  and  configurations,  it 
has  largely  neglected  high-speed  flywheels  as  an  ESS  technology 
that  could  compete  with  ultracapacitors  and  batteries. 

Flywheels  are  a  mature  energy  storage  technology,  but  in  the 
past,  weight  and  volume  considerations  have  limited  their  appli¬ 
cation  as  vehicular  ESSs  [12].  The  energy,  E,  stored  in  a  flywheel  is 
expressed  by 

£  =  \}oj2  (l) 

where  J  is  the  inertia  and  co  is  the  angular  velocity.  From  Eq.  (1), 
it  can  be  seen  that  greater  energy  gains  come  from  increasing  the 
speed  of  a  flywheel  than  from  increasing  the  inertia.  Improvements 
in  low  friction  bearings  and  high  tensile  strength  and  low  density 
materials  have  now  made  high  speeds  attainable  hence  making 
lightweight  flywheels  a  reality  [13].  For  instance,  the  flywheel  used 
in  this  study  weighs  15  kg  (including  packaging),  has  a  maximum 
speed  of  60,000  rpm,  and  is  capable  of  storing  540  kj  [14-16].  The 
Ragone  plot  in  Fig.  1  shows  that  flywheels  achieve  specific  energy 
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Fig.  1.  Ragone  plot  of  the  different  ESS  technologies  considered  in  this  study. 

and  power  ratings  that  should  make  them  competitive  with  exist¬ 
ing  ESS  technologies  [14-20]. 

High-speed  flywheels  also  have  several  unique  charging  prop¬ 
erties.  Flywheels,  as  well  as  ultracapacitors,  have  the  benefit  over 
batteries  of  a  high  cycle  life  with  little  decrease  in  efficiency  [21]. 
Due  to  their  high  specific  power,  flywheels,  along  with  ultracapac¬ 
itors,  can  charge  and  discharge  much  quicker  than  batteries.  The 
most  crucial  performance  drawback  of  high-speed  flywheels  is  that 
they  experience  relatively  high  losses  which  cause  them  to  self¬ 
discharge  more  rapidly  compared  to  batteries  and  ultracapacitors 
[22,23  ].  For  instance,  the  high-speed  flywheel  used  in  this  study  will 
go  from  fully  charged  to  fully  discharged  in  around  15  min  with  no 
other  forces  acting  on  it  aside  from  its  internal  losses. 

Prior  studies  have  examined  the  modeling  and  implementa¬ 
tion  of  flywheel  systems  in  vehicles  [12,24,25].  However,  previous 
research  has  not  provided  a  direct  comparison  between  high-speed 
flywheels,  ultracapacitors,  and  batteries  functioning  as  the  ESS  in 
an  HEV.  This  study  aims  to  make  that  comparison.  In  this  study, 
computer  models  of  those  three  different  ESS  technologies  were 
developed  and  integrated  into  a  vehicle  simulation  program  writ¬ 
ten  in  MATLAB.  Simulations  were  run  over  a  range  of  different  ESS 
configurations  utilizing  different  control  strategies  over  two  drive 
cycles.  The  performance  of  the  three  different  technologies  was 
then  evaluated  for  their  effect  on  fuel  economy  and  cost. 

2.  Models 

2.1.  Vehicle  simulator 

The  vehicle  simulator  used  in  this  study  is  called  OVEM  (Oxford 
VEhicle  Model)  [26].  It  was  developed  by  the  author  to  allow  for 
novel  simulation  of  electric  and  hybrid  electric  vehicle  powertrains. 
OVEM  uses  a  backwards-forwards  simulation  similar  to  ADVISOR 


[27].  This  simulation  method  was  used  because  it  achieves  reli¬ 
able  results  with  quick  run-times,  and  it  is  also  able  to  incorporate 
models  based  on  readily  available  data  [28]. 

A  backwards-forwards  simulation  begins  by  calculating  the 
torque  and  speed  that  a  vehicle  must  produce  in  order  to  meet 
a  given  drive  cycle  based  on  the  sum  of  the  following  forces  [29]: 
aerodynamic  drag, 

Fd  =  \pCDAfv2  (2) 

rolling  resistance, 

Frr  =  fiRRmg  (3) 

and  acceleration 

Fa  =  ma  (4) 

where  Cb  is  the  drag  coefficient,  Af  is  the  frontal  area  of  the  vehicle, 
v  is  the  linear  speed  of  the  vehicle,  /jLrr  is  the  rolling  resistance 
coefficient,  m  is  the  mass  of  the  vehicle,  g  is  the  acceleration  due  to 
gravity,  p  is  the  density  of  air,  and  a  is  the  acceleration  of  the  vehicle. 
Once  the  torque  and  speed  that  the  vehicle  must  produce  to  meet 
the  drive  cycle  have  been  calculated,  the  torque  and  speed  requests 
proceed  through  the  powertrain  with  each  component  factoring  in 
its  own  losses  and  imposing  its  physical  limits. 

In  the  series  HEV  model  used  in  this  study,  a  representation  of 
which  can  be  seen  in  Fig.  2,  the  wheel/axle  block  receives  the  initial 
torque  and  speed  requests  and  accounts  for  its  own  losses.  In  this 
study,  the  wheel/axle  bearing  losses  were  assumed  to  be  fixed  at  1% 
of  the  transmitted  power,  and  that  was  held  constant  for  all  the  ESS 
types.  The  wheel/axle  block  then  passes  a  revised  torque  and  speed 
request  which  factors  in  its  power  losses  to  the  gearbox  block.  The 
gearbox  block  in  this  study  calculates  its  efficiency  based  on 


Tin^in  +  kseaiN2Tmax  motor  +  (^mesh  +  ^bearing 

where  Tin  and  a)in  are  the  torque  and  speed  respectively  received 
from  the  wheel/axle  block,  N  is  the  gear  ratio  (which  in  this 
study  was  set  to  2),  and  Tmax  motor  is  the  maximum  torque  of  the 
motor  [30].  The  dimensionless  gearbox  coefficients  are  empirically 
derived  and  remain  constant  throughout  the  simulation.  The  coef¬ 
ficient  of  the  losses  due  to  the  seals,  kseal,  was  set  to  0.00103,  kmesh 
accounts  for  the  gear  meshing  losses  and  was  set  to  0.02,  and  /fearing 
accounts  for  the  bearing  losses  and  was  set  to  0.005  [30].  The  gear¬ 
box  block  accounts  for  its  losses  and  applies  the  gear  ratio  before 
passing  on  a  revised  torque  and  speed  request  to  the  motor  and 
power  electronics  block.  The  efficiency  of  the  motor  and  power 
electronics  is  represented  by  an  efficiency  map  where  efficiency  is 
plotted  as  a  function  of  torque  and  speed  [31].  The  motor  and  power 
electronics  block  incorporates  its  losses  into  the  power  request  it 
sends  to  the  electric  bus.  The  power  request  on  the  electric  bus  is 
satisfied  by  the  ESS  and  fuel  cell  to  the  best  of  their  ability  given 
their  power  rating  and  the  state  of  charge  (SOC)  of  the  ESS.  The 
power  capable  of  being  supplied  by  the  ESS  and  fuel  cell  is  passed  to 
the  electric  bus  to  prepare  to  move  forward  through  the  blocks.  The 


Fig.  2.  Information  flows  in  the  OVEM  series  HEV  model. 
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motor  and  power  electronics  block  receives  the  power  delivered  on 
the  electric  bus  and  computes  the  amount  of  torque  and  speed  it 
can  produce  based  on  the  amount  of  power  it  receives.  In  instances 
where  the  amount  of  power  the  motor  block  receives  is  less  than  the 
power  it  requested,  the  motor  produces  torque  such  that  the  ratio 
between  torque  and  power  is  the  same  as  was  requested  during 
the  backwards  phase  of  the  simulation.  The  torque  and  speed  sig¬ 
nals  continue  to  move  forward  through  the  gearbox  and  wheel/axle 
blocks  with  each  accounting  for  their  losses  until  the  model  outputs 
the  torque  and  speed  achieved  by  the  vehicle  over  each  one  second 
time  step  in  the  drive  cycle. 

The  OVEM  model  requires  that  the  drag  coefficient,  frontal  area, 
rolling  resistance  coefficient,  tire  radius,  glider  mass  (curb  weight 
excluding  the  mass  of  the  ESS,  fuel  cell,  and  motor)  be  specified.  In 
order  to  obtain  these  parameters,  the  author  conducted  a  survey  of 
popular  mid-size  sedans  in  the  United  States  for  which  this  data  was 
provided  by  the  manufacturers:  2008  Toyota  Camry  Solara,  2009 
BMW  525, 2008  Mercedes  C-Class,  2007  Nissan  Altima,  2008  Mazda 
6,  and  2009  Volkswagen  Passat.  The  average  of  each  of  the  speci¬ 
fications  was  ultimately  used  in  this  investigation  which  resulted 
in  the  simulated  vehicle  having  a  drag  coefficient  of  0.29,  a  frontal 
area  of  2.2  m2,  a  tire  radius  of  25  cm,  and  a  glider  mass  of  1250  kg. 
The  coefficient  of  rolling  resistance  was  set  to  0.01  and  the  density 
of  air  was  set  to  1 .2  kg  nrr3  [29]. 

2.2.  Fuel  cell  model 

Since  this  study  was  only  concerned  with  the  overall  electrical 
characteristics  and  fuel  consumption  of  the  fuel  cell,  the  fuel  cell 
model  in  this  study  utilized  the  power-current  (P-J)  and  efficiency 
curves  published  for  fuel  cells  of  different  power  ratings.  A  survey 
of  published  data  for  PEM  fuel  cells  agreed  with  Bauman  and  Kaz- 
erani  [9]  which  showed  that  it  was  reasonable  to  assume  that  the 
shape  of  the  P-I  and  efficiency  curves  for  cells  of  any  power  rat¬ 
ing  were  similar  when  the  power  and  current  axes  were  scaled  by 
their  maximum  values,  Pmax  and  /max  [6,32-35].  The  P-I  and  effi¬ 
ciency  curves  used  by  the  model  were  the  average  of  the  scaled 
curves  from  an  array  of  commercially  available  fuel  cells  with  dif¬ 
ferent  power  ratings.  Figs.  3  and  4  show  the  data  obtained  from  the 
fuel  cells  and  the  average  curves  used  in  the  model  for  the  P-I  and 
efficiency  curves  respectively. 

The  survey  of  commercially  available  fuel  cells  also  revealed  that 
the  relationship  between  the  mass  and  the  power  rating  of  a  fuel 
cell  can  be  reasonably  represented  by  a  power  law  relationship  as 
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Fig.  4.  Normalized  efficiency  curves  for  an  array  of  commercially  available  fuel  cells 
[6,32-35]. 


seen  in  Fig.  5.  Thus,  the  fuel  cell  model  only  requires  that  the  max¬ 
imum  power  of  the  fuel  cell  be  specified,  and  from  that  the  fuel 
cell  mass,  P-I  curve,  and  efficiency  curve  can  all  be  determined. 
When  the  fuel  cell  model  receives  a  power  request,  it  determines 
the  mass  of  the  hydrogen  that  must  be  consumed  in  order  for  it  to 
meet  that  power  request  based  on  the  lower  heating  value  of  hydro¬ 
gen,  120MJkg-1.  There  is  a  wide  range  of  estimates  for  fuel  cell 
cost  as  they  involve  approximations  about  the  cost  reductions  that 
fuel  cell  manufacturing  will  experience  with  increased  production. 
With  high-volume  production,  Tsuchiya  and  Kobayashi  and  Jeong 
and  Oh  [36,37]  estimate  that  PEM  fuel  cells  will  cost  between  $200 
and  $400  per  kilowatt.  This  was  the  cost  range  used  in  this  study, 
making  fuel  cells  the  most  expensive  power  source  in  the  vehicle. 

2.3.  Flywheel  model 

The  flywheel  model  is  based  on  data  for  a  540  kj,  60  kW  flywheel 
from  Flybrid  Systems  [14-16].  In  the  model,  the  flywheel  handles 
requests  to  produce  or  accept  a  certain  amount  of  power  to  the 
maximum  extent  permitted  by  its  current  SOC  and  power  rating. 
The  flywheel’s  losses  are  accounted  for  through  a  lookup  table  that 
relates  the  power  losses  to  the  speed  of  the  flywheel  [  1 5  ].  The  losses 
in  a  given  time  step  were  found  by  taking  the  average  speed  of  the 
flywheel  over  that  time  step  and  then  finding  the  corresponding 
power  loss.  It  should  also  be  made  explicitly  clear  that  not  all  Spec- 
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Fig.  3.  Normalized  P-I  curves  for  an  array  of  commercially  available  fuel  cells  Fig.  5.  Relationship  between  mass  and  maximum  power  of  an  array  of  commercially 
[6,32-35].  available  PEM  fuel  cells  [6,32-35]. 
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Fig.  6.  (a)  Electrically  integrated  high-speed  flywheel  connected  to  the  electric  bus  through  a  motor/generator,  (b)  Mechanically  integrated  high-speed  flywheel  connected 
to  the  drive  axle  via  a  CVT. 


ifications  for  this  flywheel  are  yet  publically  available,  and  certain 
data  required  for  this  study  were  obtained  through  a  personal  cor¬ 
respondence  with  Flybrid  Systems.  As  imperfect  as  this  may  be, 
Flybrid  Systems  is,  to  the  best  of  the  author’s  knowledge,  the  only 
manufacturer  of  mechanically  integrated,  high-speed  flywheels  for 
automotive  applications.  Therefore  in  order  to  proceed  with  this 
analysis,  their  data  was  used. 

A  flywheel  functioning  as  an  ESS  is  generally  integrated  into 
a  powertrain  in  one  of  two  ways  as  seen  in  Fig.  6  [38].  In 
the  first  method,  known  as  electrical  integration,  the  flywheel 
is  connected,  usually  through  a  fixed  ratio  gearbox,  to  an  elec¬ 
tric  motor/generator  which  is  connected  to  the  electric  bus.  This 
method  allows  for  more  flexibility  in  packaging  the  flywheel  sys¬ 
tem  in  the  vehicle.  In  the  second  method,  known  as  mechanical 
integration,  the  flywheel  is  connected  to  a  continuously  vari¬ 
able  transmission  (CVT)  which  interfaces  with  the  driveshaft  via 
a  clutch.  Integrating  the  flywheel  via  the  CVT  is  more  efficient, 
since  the  flywheel  does  not  receive  power  that  has  been  subjected 
to  motor/generator,  gearbox,  and  wheel/axle  losses.  For  this  rea¬ 
son,  a  mechanically  integrated  high-speed  flywheel  was  used  in 
the  study.  Prior  research  has  shown  the  efficiency  of  the  CVT  is 
approximately  85%  regardless  of  the  power  passing  through  it  [14]. 
Therefore  in  this  study  the  CVT  model  was  treated  as  having  a  fixed 
efficiency  of  85%. 

Proper  packaging  for  high-speed  flywheels  is  critically  impor¬ 
tant  so  that  the  device  is  contained  in  the  event  of  a  rupture.  The 
combined  mass  of  the  standard  flywheel  (including  its  packaging) 
used  in  this  study  is  15  kg.  Through  correspondence  with  a  Flybrid 
representative,  it  was  estimated  that  with  high-volume  produc¬ 
tion  a  CVT  for  a  60  kW  flywheel  would  weigh  approximately  48  kg. 
According  to  Flybrid’s  cost  estimates  based  on  mainstream  auto¬ 
motive  market  production  volume,  the  standard  flywheel  should 
cost  between  $1000  and  $3000  and  the  CVT  should  cost  no  more 
than  $1 500  which  brings  the  total  flywheel  system  cost  to  between 
$2500  and  $4500  or  $42-$75  per  kilowatt. 

Though  the  standard  flywheel  used  in  this  study  weighs  1 5  kg 
and  stores  540  kj,  the  flywheel  size  can  be  varied.  It  was  deter¬ 
mined  that  the  mass  of  the  flywheel  rotor  could  be  decreased  by 
20%,  however  the  mass  of  the  flywheel  system  cannot  be  increased 


because  the  15  kg  version  is  the  largest  flywheel  that  the  bearings 
in  this  study  could  handle  [15].  If  more  energy  storage  is  required 
from  the  flywheel,  then  multiple  flywheels  must  be  used.  If  mul¬ 
tiple  flywheels  are  used  together,  the  mass,  energy  storage,  cost, 
and  losses  are  increased  by  a  factor  equal  to  how  many  flywheels 
are  connected  together  and  added  to  the  fixed  cost  and  mass  of  the 
ancillary  flywheel  equipment.  If  the  mass  of  the  flywheel  is  reduced 
by  20%,  the  cost  and  mass  scale  linearly  yet  the  power  losses  remain 
the  same  because  the  same  bearings  are  used  as  in  the  standard 
flywheel. 

2.4.  Ultracapacitor  model 

The  ultracapacitor  model  in  this  study  is  based  on  a  350  F  ultra¬ 
capacitor  [20].  The  model  treats  the  ultracapacitor  as  a  voltage 
source,  E,  in  series  with  an  ideal  resistor,  R ,  which  represents  the 
internal  resistance  of  the  device,  and  Vterminal  is  the  voltage  mea¬ 
sured  at  the  terminals  of  the  ultracapacitor  as  seen  in  Fig.  7. 

The  open-circuit  voltage  of  the  ultracapacitor  as  a  function  of  the 
SOC  is  defined  by  a  lookup  table  published  by  the  manufacturer  as 
seen  in  Fig.  8  [39].  The  resistor  has  a  constant  value  and  is  set  to  the 
value  reported  as  the  internal  resistance  in  the  device’s  datasheet, 
3.2  m^.  This  ultracapacitor  has  a  specific  energy  of  5.62  Wh  kg-1 
and  a  specific  power  of  4.3kWkg-1  [20].  The  literature  quotes 
ultracapacitors  as  costing  between  $0.01  and  $0,015  per  Farad  in 
high-volume  production  [40].  This  puts  the  cost  between  $3.50  and 
$14  per  cell  and  between  $13  and  $51  per  kilowatt. 


R 


Fig.  7.  Diagram  of  the  equivalent  circuit  for  the  ultracapacitor  and  battery  models. 
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2.5.  Battery  model 


Fig.  10.  New  European  Drive  Cycle. 


The  batteries  used  in  this  study  were  used  because  they  are 
commercially  available  lithium-ion  cells  that  are  marketed  by  their 
manufacturer  for  use  in  HEVs  [41,42].  Lithium-ion  batteries  were 
used  in  this  study  because  their  specific  energy  and  power  ratings 
are  amongst  the  highest  of  all  battery  technologies.  The  cells  in  this 
study  have  a  specific  energy  of  1 08  Wh  kg-1  and  a  specific  power  of 
3.3  kWkg-1  [42].  The  model  treats  the  battery  as  a  voltage  source 
in  series  with  a  resistor  similar  to  the  ultracapacitor  model  as  seen 
in  Fig.  7  [9].  Just  as  with  the  ultracapacitor  model,  E  varies  with 
the  SOC  and  R  is  constant.  However,  the  method  for  determining 
E  and  R  for  the  battery  model  differs  from  the  method  used  for 
the  ultracapacitor  model.  In  order  to  obtain  E  and  R,  the  battery 
model  uses  the  procedure  outlined  in  [43,44]  which  require  data 
that  can  be  obtained  from  the  constant  current  discharge  curves  on 
the  battery’s  datasheet.  Fig.  9  shows  the  agreement  between  the 
data  provided  by  the  battery’s  datasheet  (points  labeled  “exp”)  and 
the  predictions  for  E  based  on  the  model  (line  labeled  “sim”)  for 
a  range  of  discharge  currents.  The  battery  manufacturer  has  pub¬ 
lished  a  cost  of  $1 10  per  6  cells  ($2400  kWh-1 )  though  this  price  is 
only  quoted  for  small  shipments  intended  for  experimental  use,  and 
it  is  considerably  higher  than  most  cost  estimates  for  lithium-based 
batteries  in  2010.  A  more  reasonable  cost  estimate  was  obtained 
that  put  the  cost  of  the  batteries  at  between  $1000  and  $2000  per 
kilowatt-hour,  or  between  $33  and  $66  per  kilowatt,  and  this  was 
the  figure  used  in  this  study  [45]. 


characterize  a  given  powertrain,  it  must  be  examined  over  different 
drive  cycles.  In  this  study,  the  vehicle  was  tested  over  12  iterations 
(82.1  miles)  of  the  New  European  Drive  Cycle,  seen  in  Fig.  10,  and  4 
iterations  (83.5  miles)  of  the  Artemis  Combined  Drive  Cycle  (ACDC), 
seen  in  Fig.  11.  The  number  of  iterations  was  selected  so  that  the 
vehicle  would  travel  close  to  the  same  distance  over  both  of  the 
drive  cycles.  The  NEDC  was  chosen  because  it  is  the  basis  for  emis¬ 
sions  testing  in  Europe.  The  ACDC  places  the  motorway  Artemis 
drive  cycle  immediately  following  the  urban  Artemis  drive  cycle. 
The  ACDC  was  chosen  because  it  is  a  more  aggressive  drive  cycle 
with  both  a  demanding  urban  and  highway  component  that  is  more 
representative  of  real  world  driving  [46]. 

3.  Control  strategies 

The  control  strategy  selected  for  an  HEV  can  have  a  dramatic 
impact  on  its  performance  [6].  Previous  studies  have  examined 
optimal  strategies  for  fuel  cell  series  HEVs  that  do  not  know  the 
drive  cycle  in  advance  [6,47].  Those  studies  form  the  basis  for  the 
control  strategy  used  for  the  battery  and  ultracapacitor.  However 
due  to  the  lack  of  literature  on  control  strategies  for  mechanically 
integrated  high-speed  flywheels,  one  was  devised  by  the  author  for 
this  study. 

3.1.  Flywheel 


2.6.  Drive  cycles 

The  fuel  economy  of  a  vehicle  is  affected  to  a  large  degree  by  the 
drive  cycle  over  which  it  is  tested.  So  in  order  to  more  completely 


SOC 


- 1  A  sim 

□  1  A  exp 

- 10  A  sim 

O  10  A  exp 

- 30  A  sim 

O  30  A  exp 

- 40  A  sim 

▲  40  A  exp 


Fig.  9.  The  model’s  prediction  compared  to  the  manufacturer  supplied  data  for  the 
open-circuit  voltage  as  a  function  of  SOC  for  a  range  of  discharge  currents  for  the 
lithium  batteries  used  in  this  study. 


In  this  study,  the  flywheel  only  recharges  through  regenerative 
braking.  It  would  be  possible  for  the  flywheel  to  receive  excess 
power  generated  by  the  fuel  cell  so  that  it  could  recharge  in  the 
absence  of  a  braking  event  to  prepare  for  a  future  acceleration 
event.  However,  this  pathway  is  inefficient,  and  charging  the  fly¬ 
wheel  exclusively  through  braking  was  shown  in  the  initial  work 
of  this  investigation  to  be  a  more  efficient  control  strategy.  Thus,  it 
was  the  strategy  employed  in  this  study. 

During  a  motoring  event  (acceleration  or  constant  speed  driv¬ 
ing),  the  controller  first  requests  the  power  from  the  flywheel  and 
the  flywheel  supplies  as  much  power  as  it  can  in  an  effort  to  meet 
that  request.  If  the  flywheel  is  unable  to  fully  meet  that  request 


140 


Time  /  s 

Fig.  11.  Artemis  Combined  Drive  Cycle. 
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on  its  own  then  the  controller  turns  to  the  fuel  cell  to  provide  the 
remaining  power.  Once  the  flywheel  is  fully  discharged,  the  fuel 
cell  must  meet  all  of  the  power  requests  until  the  flywheel’s  SOC 
increases  via  energy  captured  through  regenerative  braking. 


3.2.  Ultracapacitor  and  battery 


Like  the  flywheel,  the  ultracapacitor  and  battery  modules 
receive  energy  from  regenerative  braking  and  provide  energy 
during  acceleration  and  constant  speed  motoring.  Yet  unlike  the  fly¬ 
wheel,  they  are  able  to  receive  power  from  the  fuel  cell  with  lower 
losses.  Hence  the  efficiency  of  the  powertrain  can  be  improved 
by  recharging  the  ultracapacitors  and  batteries  with  excess  power 
generated  by  the  fuel  cell. 

The  control  strategy  used  in  this  study  was  based  on  the  work 
of  Schiffer  et  al.  [6]  which  showed  that  the  SOC  of  the  ESS  should  be 
kept  inversely  proportional  to  the  vehicle’s  speed.  This  strategy  is 
based  on  the  premise  that  at  low  speeds  it  is  likely  that  the  vehicle 
will  accelerate  in  the  near  future,  and  the  ESS  should  have  a  high 
SOC  so  that  it  can  power  that  acceleration.  At  high  speeds,  it  is  likely 
that  the  vehicle  will  be  braking  soon  so  the  ESS  should  have  a  low 
SOC  which  will  allow  it  to  accept  as  much  of  the  regenerative  brak¬ 
ing  energy  as  possible.  Whenever  the  inequality  below  was  true, 
the  fuel  cell  was  called  upon  to  provide  extra  power  to  recharge 
the  ESS 


(1  -  SOC)  > 


^current 

^max 


(6) 


where  ^current  refers  to  the  current  speed  of  the  vehicle  and  ymax 
refers  to  the  vehicle  speed  at  or  above  which  the  fuel  cell  no  longer 
needs  to  produce  power  to  recharge  the  ESS.  In  this  study,  the  best 
fuel  economy  was  achieved  when  t/max  was  set  to  80  km  h- 1 ,  so  that 
was  the  ymax  used  throughout  the  simulations.  When  the  fuel  cell 
was  called  upon  to  recharge  the  ESS,  it  did  so  at  its  point  of  optimal 
efficiency  which  was  at  31%  of  the  rated  power  as  seen  in  Fig.  4. 


4.  Simulation  results  and  discussion 


4.1.  Fuel  cell  sizing 

As  the  most  expensive  power  source  in  the  powertrain,  the 
power  rating  of  the  fuel  cell  was  kept  as  low  as  possible  to  min¬ 
imize  overall  powertrain  costs.  In  this  study,  the  goal  was  to  keep 
the  agreement  between  the  velocity  requested  by  the  drive  cycle 
and  the  velocity  achieved  by  the  vehicle  to  be  within  2%  and  to 
never  exceed  3  km  h-1 .  Given  that  constraint,  the  fuel  cell  size  var¬ 
ied  between  29  and  45  kW  for  the  range  of  ESS  technologies  and 
sizes. 


4.2.  Flywheel  ultracapacitor,  battery  comparison 

The  cost  of  the  batteries  and  ultracapacitors  is  directly  propor¬ 
tional  to  their  number  and  mass.  As  an  additional  cell  is  added  to  the 
array,  the  cost  and  mass  of  the  array  both  increase  by  the  amount 
of  that  one  cell.  The  flywheel  was  examined  at  its  standard  specifi¬ 
cations  (15  kg  and  540  kj),  with  a  20%  reduction  in  energy  storage 
and  mass,  and  with  two  and  three  standard  flywheels  connected 
together. 

Figs.  12  and  13  plot  the  fuel  economy  of  the  vehicle  (measured 
in  kilometers  per  kilogram  of  hydrogen  gas  consumed)  against  the 
cost  of  the  ESS  (in  US  Dollars)  for  the  three  different  ESS  technolo¬ 
gies.  Figs.  14  and  15  plot  the  fuel  economy  of  the  vehicle  against 
the  total  power  source  cost  (ESS  plus  fuel  cell).  The  ideal  ESS  would 
be  as  close  to  the  top  left  corner  of  Figs.  12-15  as  possible  as  this 
would  represent  an  ESS  that  minimizes  costs  and  maximizes  fuel 
economy. 
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Fig.  12.  Fuel  economy  as  a  function  of  ESS  cost  on  the  NEDC. 
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Fig.  13.  Fuel  economy  as  a  function  of  ESS  cost  on  the  ACDC. 


Fig.  14.  Fuel  economy  as  a  function  of  total  power  source  (fuel  cell  +  ESS)  cost  on 
the  NEDC. 
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Fig.  15.  Fuel  economy  as  a  function  of  total  power  source  (fuel  cell  +  ESS)  cost  on 
the  ACDC. 


the  high-speed  flywheel  had  the  potential  to  offer  cost  savings.  On 
the  Artemis  Combined  Drive  Cycle,  the  flywheel  achieved  a  higher 
fuel  economy  than  any  of  the  ultracapacitor  arrays  simulated  and 
achieved  approximately  the  same  fuel  economy  as  similarly  priced 
battery  arrays.  These  results  show  that  in  future  studies  high-speed 
flywheels  should  be  considered  as  alternatives  to  ultracapacitors 
and  batteries  in  fuel  cell  series  HEVs. 

Future  work  could  benefit  from  reducing  the  uncertainty  in  the 
costs  of  the  various  components,  especially  in  the  fuel  cells.  In 
this  study,  it  was  shown  that  once  the  cost  of  the  fuel  cells  was 
accounted  for  along  with  the  ESS  cost,  many  of  the  comparatively 
small  differences  in  ESS  costs  were  eclipsed  by  the  relatively  large 
fuel  cell  costs.  It  should  be  mentioned  that  these  costs  do  not  reflect 
the  lifetime  costs  of  any  of  these  ESS  components.  It  is  likely  that  ESS 
technologies  with  higher  cycle  lives  (such  as  flywheels  and  ultra¬ 
capacitors)  will  be  less  expensive  over  the  course  of  the  vehicle’s 
lifetime.  Future  research  efforts  should  seek  to  better  understand 
those  life  cycle  costs. 
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